Mare basalts cover much of the Earth-facing side of the Moon. The underlying cause for this distribution has been attributed to an ancient nearside megabasin, asymmetric accretion, and differential tidal effects. While each hypothesis is plausible, the hypothesis for a megabasin also accounts for a subconcentric and radial system of graben and ridges that centers on a region southwest of Imbrium basin. Moreover, such a nearside megabasin could account for the distribution of nearside geochemical anomalies related to localized igneous intrusions. The farside South Pole-Aitken basin, however, is a well-established impact megabasin exceeding 2200 km in diameter. Here, we propose an oblique collision scenario for this basin on the farside that would have created the initial conditions for localized deep-seated and long-lasting weaknesses on the nearside. Laboratory and computational experiments demonstrate that a large oblique collision generates asymmetric shock waves that converge in a region offset from the basin-center antipode. The resulting damage would have provided pathways for deep magma to reach shallow reservoirs.
INTRODUCTION
In 1981, Whitaker proposed that a large and ancient impact basin was responsible for a system of radial and concentric ridges and graben, as well as the distribution of mare basalts of Oceanus Procellarum (Whitaker, 1981; Byrne, 2007) as illustrated in Figure 1A . This basin (called the "Procellarum basin") has been frequently cited to account for the localization of high-Th values with enhanced concentrations of KREEP (i.e., potassium, K; rare earth elements, REE; and phosphorus, P) on the lunar surface (e.g., Wilhelms, 1987; Haskin, 1998; Korotev, 2000) . Preserved geophysical evidence for such a large impact, however, appears to be absent, perhaps due to subsequent isostatic adjustment (Neumann et al., 1996) . Nevertheless, models of the derived gravity fi eld reveal that there is a pronounced linear gravity anomaly extending southeastward from near the Aristarchus Plateau (Konopliv et al., 1998; Namiki et al., 2009 ). The Airy model described by Konopliv et al. (1998) concluded that signifi cant lateral variations in density (Pratt model) were needed in order to account for the anomaly.
The absence of tectonic systems (e.g., graben) and widespread maria on the lunar farside is as enigmatic as is their presence on the nearside. The underlying cause for the widespread localization of maria, structural patterns, and geochemical (A) Major ridges (white) and nonsinuous rilles (yellow) on the Moon superposed on a physiographic and topographic map (stereographic projection). (B) Distribution of nearside ridges (blue) and rilles (red) along with major nearside basins (blue) mapped on a Lambert azimuthal-equal-area projection of the lunar nearside. Great circles indicate general trends delineated by rilles and ridges, converging in an area southwest of Imbrium. The antipode (solid triangle) to the geometric center of the South Pole-Aitken (SPA) basin is northeast of the Imbrium basin. The southern rim of South Pole-Aitken extends into the lunar nearside along the southern limb. The colored contours approximate concentrations of high-Th regions determined from gamma-ray spectrometer data from the Lunar Prospector mission (Gillis et al., 2004) , where yellow contours indicate concentrations >9 ppm and orange is >10 ppm.
anomalies on the lunar nearside remains debated. This contribution offers a new hypothesis that can be tested by future geophysical data, geologic studies, and mapping. We fi rst review the evidence for an arcuate system of graben and ridges in Oceanus Procellarum. Next, we consider the hypothesis that this system could have been initiated by the formation of the South PoleAitken basin by an oblique impact on the farside. Last, discussion centers on the implications of this hypothesis for lunar evolution.
BACKGROUND The Procellarum System
The concentration of maria on the lunar nearside was fi rst attributed to a pre-Nectarian megabasin (Cardogan, 1974) . Whitaker (1981) later recognized an annular system of faults on the lunar nearside (along with arcuate mare borders) and attributed this distribution to an ancient "Procellarum basin." The existence of such a basin seemed to be necessary in order to account for geochemical anomalies generally restricted to the nearside (e.g., Wilhelms, 1987; Haskin, 1998) .
The basic observations made by Whitaker are not in question; neither is the need for a cause for the observed nearside concentration of maria and the geochemical anomalies indicating shallow magma reservoirs. Rather, we suggest that the pattern of subconcentric and radial ridges and graben in Procellarum should be described as a "system" rather than be called a basin. Although subtle, this is an important distinction, because the label "basin" on the Moon implicitly connotes an impact origin. Figure 1 highlights the major structural features expressed (wrinkle ridges and graben) on the lunar nearside superposed on topography (Fig. 1A ) and major basins (Fig. 1B) . The Procellarum system (PS) of graben and ridges is centered on a region south of the Aristarchus Plateau. Graben in the highlands cross (but are accentuated and defl ected by) old basins where they coincide with extensional stresses created by later basalt loading (e.g., Humorum and Grimaldi). Well-known nonsinuous rilles (Rima Sirsalis, Rima Hyginus, Rima Bode, and Rima Aridaeus) appear to follow a tectonic pattern unassociated with nearby large basins. Moreover, sites of recent gas release occur near the intersections of these graben (Schultz et al., 2006) . Non-basin-related sinuous rille source vents (e.g., near Letronne and Marius Hills) on April 13, 2015 specialpapers.gsapubs.org Downloaded from also occur along wrinkle ridges within this system (e.g., Guest and Murray, 1976; Wilhelms, 1987) . It should be noted that loading by basin-centered mascons does not exclusively control the distribution of wrinkle ridge systems, since they are known to extend well into the highlands (Schultz, 1976a; Binder, 1985; Watters et al., 2010) .
Several working hypotheses can be considered for the origin of the Procellarum system. First, an ancient nearside impact did form but has now been completely isostatically adjusted and overprinted, i.e., the hypothesis by Whitaker (1981) . Second, the nearside concentration of the maria (and subsequent expressions of crustal strain and geochemical anomalies) may be inherited from the earliest stages of accretion and differentiation localized on the nearside through tidal effects (Zhong et al., 2000) . Third, the geochemical anomalies may represent a long-lasting expression of antipodal effects induced by the well-established South Pole-Aitken basin (e.g., Garrick-Bethell and Zuber, 2005) . The convergence of radial and concentric structural elements, however, is more than 800 km away from the antipodal point (Fig. 2) on the nearside (referenced to the South Pole-Aitken center). New impact oblique-impact experiments using spherical targets (Schultz, 2007) produce damage, which is offset from the antipode, thereby allowing this hypothesis. Consequently, the next section explores the possible consequences and expressions of an oblique trajectory for the South Pole-Aitken basin.
South Pole-Aitken Basin
The diameter of the South Pole-Aitken basin exceeds the lunar radius (1738 km) and contains the deepest terrains on the Wilhelms (1987) . (B) Reprojection of system of ridges and rilles ( Fig. 1 ) with a center near southern Imbrium. Ridges and graben form a subconcentric structural system covering much of the western lunar nearside, with a center along the southwestern edge of the Imbrium basin. Sites for recent gas release (Schultz et al., 2006) are identifi ed: Ina (D-caldera), intersection of Hyginus rilles, and south of the crater Arago. HM-Harbinger Mountains; MH-Marius Hills.
Moon (>12 km). It was discovered from Lunar Orbiter images (Schultz, 1976a; Stuart-Alexander, 1978 ) based on a system of high massifs and low-lying plains. Petro and Pieters (2004) examined the distribution of ancient materials within this basin, which is believed to be pre-Nectarian in age (Wilhelms, 1987) . Mare basalts do occur within superposed basins and craters inside the South Pole-Aitken basin rim, but mare basalts do not fi ll this basin, in contrast to most other impact basins on the lunar nearside. The enormity of the South Pole-Aitken basin should have destroyed the Moon were it not for the binding force of the Moon's own gravity. Regardless, the consequences for lunar evolution should have been signifi cant and long-lasting.
Possible surface expressions of disruption antipodal to a major impact on the Moon (opposite Imbrium and Orientale) and Mercury (opposite Caloris) include disrupted (hilly and lineated) terrains and basaltic eruptions (Schultz and Gault, 1975) . Early hydrocodes tested this hypothesis and concluded that the initial estimates may have been too conservative (Hughes et al., 1977) . Since then, convergent antipodal shock and seismic waves have been applied to the Moon (Hood and Artemieva, 2006), Mars (Williams and Greeley, 1994) , icy bodies (Bruesch and Asphaug, 2004) , and other objects (Richardson et al., 2005) . Antipodal effects from South Pole-Aitken, however, have not been assessed fully. We used two strategies to explore the consequences of a large impact on a small body: experimental and computational. While experiments allow assessment of modes of failure, hydrocode models reveal controlling processes and allow scaling to a differentiated body with self-gravity over much longer time scales.
CONSEQUENCES OF THE SOUTH POLE-AITKEN IMPACT

Experimental Studies
Impacts into spherical targets generate intersecting shocks and rarefactions refl ected off the free surface and induce multiple failure planes deep inside the target on the opposite side. Oblique impacts, however, produce asymmetries in the peak shock pressure (Dahl and Schultz, 2001; Pierazzo and Melosh, 2000) , distribution of ejecta (Gault and Wedekind, 1978; Anderson et al., 2003 Anderson et al., , 2004 , crater shape (Gault and Wedekind, 1978) , and crater structure (Schultz, 1992; Schultz and Anderson, 1996) . The consequences "Procellarum system" Center of an oblique impact into a spherical body have not been fully explored. While various studies have assessed the effect of trajectory on survival of small bodies (e.g., Marinova et al., 2008) , the focus here is the degree and distribution of damage within these bodies well before reaching conditions leading to disruption.
In an oblique impact, the maximum peak pressures are enhanced downrange (Dahl and Schultz, 2001; Pierazzo and Melosh, 2000) . Maximum coupling, however, controls crater diameter and occurs as the impactor penetrates farther into the target. For the present study, hypervelocity impact experiments were performed at the National Aeronautics and Space Administration (NASA) Ames Vertical Gun Range (AVGR) using spherical projectiles and clear polymethylmethacrylate (PMMA) spherical targets. This strategy revealed the evolution of impact asymmetries and documented the propagation and convergence of the impactgenerated shock waves for different impact angles (Fig. 3) .
Above a critical value for the specifi c energy (but well below catastrophic disruption), shocks refl ect off the curved free surface and converge antipodal to the impact (Fig. 4) . Five key features characterize this damage. First, there is a haze of microcracks (star-like discs) below the surface, downrange from the impact.
Second, maximum antipodal surface damage (concentric and radial extensional cracks) occurs antipodal to the crater. Third, a distinctive tree-like structure emerges deep within the sphere, emanating from a region near (but offset from) the impact antipode. Fourth, the sphere remains undamaged uprange from the impact (and the antipode). Fifth, total target damage strongly depends on impact angle.
These observations document a downrange-directed shockwave that refl ects and reinforces off a curved free surface. Damage increases downrange below the surface, even though the peak pressures decrease. As the free surface becomes less oblique to the shock front, shock rarefactions converge and exceed the material strength limit. The impact does not couple its energy and momentum instantly but evolves as the projectile penetrates deeper into the target. The initial contact does, however, create the greatest peak pressures, with most of the energy and momentum directed downrange, as illustrated in planar impacts (Dahl and Schultz, 2001; Stickle et al., 2009) .
New high-speed imaging available at the AVGR (up to 10 6 frames per second) allows documentation of the damage sequence within the spheres (Fig. 4) . The fi rst appearance of damage (beyond the crater) emerges behind the downrange-directed shock front, ~90° from the point of fi rst contact. This damage migrates and increases as the shock progresses downrange along the interior curved surface where the front becomes less oblique. Below a limiting specifi c energy, there is no surface spallation, only damage below the surface. The resulting "haze" of microcracks is offset from the antipodal point referenced to the fi nal crater. Deep inside the sphere, damage initiates near the center and grows downward toward the antipodal surface. The "tree-like" appearance develops as cracks propagate outward along specifi c planes. The overall pattern, however, remains offset from the antipodal point to the crater. Rather, it is offset with respect to the fi rst point of contact by the impactor. A separate contribution details this evolution and includes comparisons with hydrocode models (Stickle et al., 2009) . shows the disruption behind advancing shock 24 µs after fi rst contact. A nearsurface haze develops 32 µs after impact (C). Small disc-shaped damage centers (below the surface) comprise this haze. As the refl ected shock waves refl ect off the curved free surface, they converge and induce shear damage below the surface (Stickle et al., 2009 ). The greatest damage occurs farther downrange 40 µs after impact, as the expanding shock becomes more normal to the surface of the sphere (D). Soon after, the convergent shocks in the center of the sphere induce tensile failure near the center of the sphere (E), which grows with time (64 µs). Horizontal failure planes extend from the central damage zone, 98 µs after impact (F). Most of the damage occurs offset (uprange) from the point directly opposite to the fi nal crater (solid line).
The reduction in damage correlates with reduced penetration depths for impacts into curved surfaces (Schultz, 1997) . This process is illustrated geometrically in Figure 5 , and it can be shown that the limiting impact angle (θ), where a fraction "k" of a projectile (of radius r) decouples from an impacted sphere (of radius R) and misses further interaction with the surface downrange. This geometry is given by:
The decoupled mass fraction (m) relative to the initial impactor mass (M) can given by:
where k′ is defi ned as the decoupled fraction of impactor (50% when k′ = 1). Impacts into aluminum cylindrical targets result in significantly shallower penetration relative to impacts into planar targets for the same initial conditions (Fig. 6 ). The shallow depth is attributed to decoupling of the projectile during impact (Schultz and Gault, 1990; Schultz, 1997) and simple shear (Schultz and Crawford, 2007) . Consequently, reduced peak pressures due to the oblique trajectory only partially account for the reduced damage in the PMMA spheres. Hydrocode models at much larger scales further demonstrate this process.
Hydrocode Simulations
Three-dimensional hydrocode computations allow us to test extrapolations and parametric studies inferred from the experir R Figure 5 . Diagram illustrating decoupling of the projectile from the impact process through simple shear and spallation of the back of the projectile. As the projectile diameter approaches 10% of the target diameter, the top of the projectile is removed from crater excavation after the initial shock. Figure 6 . The maximum crater depth (penetration) for aluminum spheres impacting aluminum blocks (planar targets) and cylinders. As the vertical component of impact velocity (v) increases, penetration depth (d) for impacts into blocks transitions from momentum to energy scaling. Spherical aluminum projectiles (radius, r) impacting aluminum cylinders (radius, R), however, exhibit reduced crater depth as the radius of the projectile exceeds ~5% of the target radius. This is due to projectile decapitation and decoupling as illustrated geometrically in Figure 5 . Other variables include δ t for target density, δ p for projectile density, θ for impact angle (referenced from the surface tangent to the trajectory), and β for the exponent (corresponding to momentum or energy scaling).
ments. An improved version of the CTH (McGlaun et al., 1990) hydrocode includes self-gravity based on a parallel implementation of the Barnes and Hut (1986) algorithm and adaptive mesh refi nement (Crawford et al., 2006) . For the computations, undifferentiated dunite bodies with diameters from 140 to 700 km collided with the Moon at 20 km/s and angles of 30°, 45°, 60°, and 90° (from the impact tangent plane at fi rst contact). The selection of a dunite composition provides a reasonable match for an asteroid of mafi c composition. The calculations used ANEOS (i.e., Analytic Equations Of State) (Thompson and Lauson, 1972) for the dunite, the lunar mantle, and the 350-km-radius molten iron core. The Moon was initialized in hydrostatic equilibrium with pressure and temperature profi les at the time of impact based on theoretical models (Wieczorek and Phillips, 1999) . The impactor was initialized with a constant temperature and radial lithostatic pressure appropriate for hydrostatic equilibrium. Numerical resolution of 40 km for the fi nest mesh was adequate to capture shock compression, release, and tensile fracture (spall) in the bulk of the Moon. The combination of experiments and modeling reveals the controlling process for failure. For the largest-energy events, the impact kinetic energy (KE) represents a signifi cant fraction (up to ~30%) of the total gravitational potential (binding) energy of the Moon.
For reference, Figure 7 illustrates the effect of changing the projectile mass for a given speed (10 km/s) for a vertical impact (90°). Objects larger than 400 km in diameter at this speed induce damage affecting more than 50% of the total lunar mass (7.35 × 10 22 kg). In this case, the impact kinetic energy (KE) represents ~0.3% of the total gravitational potential energy of the Moon. Converging shocks at the antipode become strong enough to overcome the lithostatic overburden at depth.
The effect of impact angle (90°, 60°, 45°, and 30°) on internal failure (tensile stress >250 MPa) for a South Pole-Aitkenscale collision is shown in Figure 8 . Coupled energy is kept nearly constant in order to produce the same-sized crater with an impact speed of 20 km/s. Impactor diameters and angles correspond to: 260 km at 90° (A); 300 km at 60° (B); 380 km at 45° (C); and 700 km at 30° (D). Total damage to the Moon is kept nearly constant (~65%) for the different impact angles in order to assess the effect on the interior. The crust is considered fractured when stress locally exceeds the lithostatic load by 250 MPa, which is estimated to be the fracture strength appropriate for gabbroic anorthosite (Ai and Ahrens, 2004) . A 260-km-diameter asteroid colliding vertically (90°) at 20 km/s (9.2 × 10 21 ergs) would induce the same amount of damage as a 700-km-diameter asteroid at 30° (1.8 × 10 23 kg). This damage, however, is distributed very differently, as illustrated in Figure 8 . Even though the 30° impact angle (from the surface tangent) has ~20 times more kinetic Projectile mass (kg) Fractured mass (kg) Figure 7 . Objects larger than 400 km in diameter (10 km/s) fracture more than 50% of the total lunar mass (7.35 × 10 22 kg). Converging shocks at the antipode become strong enough to overcome the lithostatic overburden at depth and induce fracturing where/when the tensile stress exceeds 250 MPa. In this calculation, all impacts are vertical, and individual sizes of projectiles include 140, 200, 274, 340, 400, and 634 km in diameter (left to right). energy than the vertical impact, the amount of failure remains the same as the vertical impact. This lost energy refl ects decapitation (decoupling) of the impactor from the target (e.g., Fig. 6 ).
Both computational and laboratory experiments exhibit the same basic failure patterns within the body, even for very different material properties and overpressures (Fig. 9A) . Specifi cally, the greatest antipodal damage is offset toward the incoming trajectory due to the convergence of shock rarefactions near the fi rstcontact antipode. This should be expected because of the threedimensional (3-D) geometry and the shock asymmetry. The code and experiments also reveal that different styles of failure evolve and overlap. The computation demonstrates, however, that a South Pole-Aitken-scale impact generates stresses that exceed the fracture strength of rocks at depth (lithostatic burden) throughout more than half of the lunar volume over a time exceeding 15 min. Furthermore, the deepest region of fracturing is antipodal to the point of fi rst projectile contact, not the center of the crater. Depending on impact angle, this leads to a signifi cant offset of fracture-associated features from the antipode to the transient crater.
Cumulative damage at depths of 400 km and 800 km (halfway to the core-mantle boundary) is shown in Figure 9B (middle). Because such deep disruption may be expressed by later igneous activity on the surface above, the damage is projected onto the surface (Fig. 9B, right) . along with the locations of the antipode from the fi rst-contact and excavation crater for South Pole-Aitken. Figure 9B reveals that failure would have extended to great depths from near South Pole-Aitken to beyond the direct antipode. Detailed models comparing laboratory and hydrocode experiments further indicate that shear damage may be as important as extensional damage (Stickle et al., 2009) .
In summary, both experiments and computational models demonstrate that oblique impacts by very large objects should have had a profound effect on the lunar interior. Moreover, these effects include asymmetric internal damage.
DISCUSSION
The South Pole-Aitken basin does not exhibit obvious evidence for an oblique impact, in part because of its preservation state. In this section, we fi rst consider expectations for an oblique megacollision on the Moon. We then briefl y examine possible evidence for the trajectory based on the relict shape of the South Pole-Aitken basin revealed by different criteria. Next, we assess the trajectory necessary to account for Oceanus Procellarum. Last, we consider the implications for nearside-farside dichotomy.
Expectations from Experiments and Hydrocodes
Results show that a large oblique impact on the Moon could produce a megabasin without destroying it. Maximum damage occurs along the trajectory downrange but reaches its greatest depth antipodal to the fi rst point of contact. Shock damage induced within (and on the other side of) the Moon would actually exceed the damage around and below the transient basin of South Pole-Aitken itself (Fig. 9A) . Relict melts deep in the cooling Moon (800 km) could have found pathways into the lower crust (200 km) through this damaged interior (Fig. 9B) . Radioactive heat-producing elements concentrated within with these melts would later create magma reservoirs (e.g., KREEP-rich magmas) closer to the surface on the nearside. Fracturing closer to the surface also would provide secondary pathways through subsequent impact basins (e.g., Imbrium) as the Moon thermally expanded due to delayed radiogenic decay. Pathways through the brecciated fl oors of smaller craters could have contributed to the concentration of fl oor-fractured craters along the western "shores" of Oceanus Procellarum (Schultz, 1976b; Wichman and Schultz, 1995) . While there are other fl oor-fractured craters peripheral to mare-fi lled impact basins (e.g., Serenitatis, Procellarum, and Smythii), the western edge of Oceanus Procellarum has one of the greatest concentrations.
The primary goal of this study is to demonstrate that an oblique impact for South Pole-Aitken could account for the absence of evidence directly opposite, northeast of Imbrium. While it is possible that Imbrium overprinted (buried) such effects, an oblique impact for South Pole-Aitken would not only accommodate this enigma but also provide an alternative explanation for the nearside distribution of volcanism and tectonism. For this hypothesis to apply, however, the trajectory for a South PoleAitken impactor would have to have been generally from the NW to the SE in order to induce maximum damage in the area of A B C D Figure 8 . Effect of impact angle on disruption of the lunar interior. Total damage to the Moon is kept nearly constant (~65%) for the different impact angles. Even though the 30° impact has ~20 times more kinetic energy than the vertical impact, the amount of failure remains the same as the vertical impact. Coupled energy is kept nearly constant in order to produce the same-sized crater with an impact speed of 20 km/s. Impactor diameters and angles correspond to: 260 km at 90° (A); 300 km at 60° (B); 380 km at 45° (C); and 700 km at 30° (D). The crust is considered fractured when stress locally exceeds the estimated tensile fracture stress of 250 MPa (yellow region) appropriate for gabbroic anorthosite (Ai and Ahrens, 2004) . The 800-km-depth contour (about halfway to the core-mantle boundary) and coremantle boundary are indicated; dashed line corresponds to 400 km depth (middle). Global maps (right) indicate fractured rock at 800 km depth as well as the fi rst-contact antipode (white line) and fi nal-crater antipode (black line). Fracturing at 200 km exhibits an even greater offset toward the downrange crater rim.
Oceanus Procellarum. Next, we briefl y consider the South PoleAitken basin itself and the possible evidence, fi rst for an oblique impact and second for this trajectory.
Proposed South Pole-Aitken Basin Impactor Trajectory
Data from the Clementine mission revealed that the South Pole-Aitken basin contains the deepest point on the Moon (Smith et al., 1997) . Such a deep basin contrasts with all other (and much smaller) basins in which the fl oors are fi lled with mare basalts or light plains. Two possible explanations include an absence of magma sources on the farside or a thicker farside crust. The difficulty with both explanations is that mare basalts do fi ll the adjacent Australe basin as well as the numerous craters and basins within South Pole-Aitken itself. An oblique trajectory could account for the absence of this postbasin fi ll for the following reasons.
First, a large impactor (~20% the diameter of the Moon) would decapitate when it hit a curved surface obliquely and decouple a sizeable fraction of the energy/momentum away from the Moon. Impactor decoupling would result in decreased penetration depths. The crustal response to reduced penetration depth should be expressed by reduced uplift of the basin fl oor as This fi gure reveals that the greatest depth (800 km, top fi gure) of extensive failure is offset from the antipodal point (black labels) and corresponds more closely to the fi rst-contact antipode (white labels). At shallower depths (200 km, bottom fi gure), antipodal failure extends from near the basin to beyond the South PoleAitken antipode.
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observed for South Pole-Aitken. Even though the upper half of the impactor would decouple, its footprint would set a minimum diameter of South Pole-Aitken. Second, relict high-relief massifs (refl ecting structural uplift) can be used to trace the outer South Pole-Aitken rim (Schultz, 1976a; Wilhelms, 1987; Garrick-Bethell and Zuber, 2009) . Such massifs are typically lost around pre-Nectarian impact basins due to collapse of the transient crater. For example, an outer boundary scarp delineates portions of the outer rim (e.g., the Cordilleras of Orientale, and the Altai Scarp of Nectaris). The preserved rim uplift expressed by South Pole-Aitken massifs indicates that the impact conditions did not induce the same degree of collapse characterizing smaller basins. Figure 10A shows a map of individual massifs based on images (Lunar Orbiter, Apollo, and Clementine) and topography from Clementine (Smith et al., 1997) and Kaguya (Namiki et al., 2009) . It also includes post-South Pole-Aitken basins and craters as well as major transitions in elevation based on topographic maps and visible scarps. Signifi cant local relief (from topography) or actual features characterize individual massifs. This map reveals that the massifs extend farther to the northwest than the typically identifi ed South Pole-Aitken boundaries (e.g., Wilhelms, 1987; Garrick-Bethell and Zuber, 2009) .
Large adjacent impact basins partially disrupt the continuity of the South Pole-Aitken basin rim. The Australe basin, in particular, disrupts the massif ring to the southwest (in the context of Fig. 10A ). South Pole-Aitken massifs, however, appear to extend across the interior of Australe. These massifs and the preservation state of Australe basin contrast with the South PoleAitken basin and raise a question concerning its age, i.e., a prerather than post-South Pole-Aitken age. Moreover, it appears that Australe basin approaches the size of South Pole-Aitken basin based on boundary scarps, elevations, and the distribution of mare-fi lled craters.
Although not compelling, the distribution of massifs and transitions in elevations indicate a NW-SE elongation, even though the general topographic shape indicates a more NNW-NNE trend (Garrick-Bethell and Zuber, 2009 ). Petro and Pieters (2004) remapped original South Pole-Aitken materials (identifi ed by Wilhelms, 1987 ) that also follow a NW-SE elongation (Fig. 10A) . The difference between the map shown here and prior studies is attributed to differences in approach (inclusion of morphological features here), new high-resolution topographic data from JAXA, and recognition of the effect of overlapping large basins that may mask the initial shape.
The most obvious oblique multiring impact basins on the Moon are Crisium (e.g., Wilhelms, 1987; Wichman and Schultz, 1994) , Orientale (McCauley, 1977; Scott et al., 1977; Schultz, 1996) , and Imbrium (Schultz and Spudis, 1985) . Only the Crisium massifs trace an obvious oblong shape, although the inner massif rings of the Imbrium and Orientale basins are also oblong or breached, respectively. The outer rings of these basins are not immediately obvious due to rim collapse (Wichman and Schultz, 1994) . Nevertheless, the Bouguer gravity high within Imbrium correlates with its oblong inner massif ring and is offset uprange from an arc fi tted to the Apennines/Carpathians (southern uplifted rim). The gravity high within Orientale is also offset uprange relative to its geometric center (Schultz, 1996) . For South PoleAitken, the vertical gravity anomaly (relative to a perfect sphere with removal of lunar oblateness) and greater "Airy depth" also cover the northwestern portion of South Pole-Aitken, although the maximum Airy depth is nearly central (Konopliv et al., 1998) .
As crater size increases, excavation effi ciency for gravitycontrolled growth decreases signifi cantly, decreasing even more for oblique impacts (Schultz, 1992) . The transient crater size relative to projectile size for a large oblique impact basin approaches laboratory-scale, strength-controlled impacts. Projectile failure and re-impact events downrange contribute to the elongation (Schultz and Gault, 1990) . As a result, it would seem that oblique trajectories should become more obvious for an oblique megabasin. A factor offsetting this effect, however, is the consequence of projectile decoupling due to surface curvature, preventing the failed impactor from re-impacting downrange within or directly adjacent to the basin. Consequently, the excavation crater shape for South Pole-Aitken actually becomes less elongate for an oblique impact because trajectories of the failed (and decoupled) impactor would have re-impacted farther downrange, e.g., scouring the pre-Procellarum crust.
The slightly elongated outline of the South Pole-Aitken massifs, original South Pole-Aitken materials, and elevation transitions are consistent with a NW-SE impact trajectory. Figure 10B shows the approximate distribution of high-Th regions within South Pole-Aitken (Garrick-Bethell and Zuber [2005] based on data from Lawrence et al. [2007] ). Haskin (1998) proposed that high-Th ballistic ejecta from Imbrium converged in this antipodal region, whereas Wieczorek and Zuber (2001) attributed the South Pole-Aitken anomaly to convergent antipodal ejecta from Serenitatis. Garrick-Bethell and Zuber (2005), however, argued the distribution of high-Th materials in the northwest edge of South As endogenous materials, the high-Th anomaly in South Pole-Aitken represents the uplifted material from deepest displacement within the transient crater, which occurs near the region of initial coupling (Schultz, 1992; Schultz and Anderson, 1996) . In a recent detailed study of topographic and geochemical data of South Pole-Aitken, Zuber (2005, 2009) found that two 50-80-km-diameter craters correlate with the high-Th materials in South Pole-Aitken; consequently, greatest uplift within the basin may have occurred to the north of the center. Alternatively, several much larger (>200 km) basins (Ingenii, Poincare, Leibnitz, and Von Karman) in the northwest interior of South Pole-Aitken excavated deeper materials and were subsequently reexposed by these "smaller" craters. The largest basin (Apollo) within South Pole-Aitken on the northeastern fl oor of South Pole-Aitken, however, did not expose these high-Th materials; nor did the adjacent Australe impact.
If the higher concentrations of Th-rich material in northwest South Pole-Aitken is due to uplift (exposed by later impacts), then this offset seems to be consistent with a trajectory from the northwest. If the Th enrichment is instead due to antipodal convergence of ejecta from Imbrium (or Serenitatis), then an oblique trajectory for South Pole-Aitken is necessary in order to account for the absence of uplifted KREEP-rich mantle material. A clue for its trajectory, then, could come from internal damage expressed on the surface. 
IMPLICATIONS
The South Pole-Aitken-forming impact should have damaged much of the lunar interior, regardless of impact angle (Fig. 8) . A vertical impact (Fig. 8A) localizes damage below the crust surrounding the impact and deep in the mantle. An oblique impact (Fig. 8D) , however, generates greater internal damage for the same size excavation crater that is offset back toward the impact. For an oblique trajectory by the South Pole-Aitken impactor, the offset between fi rst contact and transient crater center should exceed 500-800 km, mirrored by a similar offset in antipodal damage. Figure 11 proposes a trajectory for South Pole-Aitken that would accommodate the offset between both the basin-center antipode and the Procellarum system center (Fig. 1B) . Figure 11 also includes the distribution ejecta from the South Pole-Aitken impact for the proposed trajectory. The earliest stages of coupling between the impacting body and the target comprise a larger fraction of the excavation process. For the oblique trajectory of South Pole-Aitken, the downrange ejecta component (plus surviving decapitated impactor debris) would have scoured the Procellarum region, thereafter leaving the Moon at speeds near (or greater than) escape velocity. The uprange-directed ejecta component, however, would have had minimal ejecta and result in a zone of avoidance, consistent with the survival of the adjacent Australe basin just uprange. Consequently, downrange ejecta for this proposed scenario may not have contributed to an identifi able ejecta deposit. Some ejecta (and impactor remains) returned to the Moon and would have added to crater populations interpreted as part of the Late Heavy Bombardment fl ux (Schultz and Crawford, 2008) . Thicknesses of near-rim ejecta (late-stage, lower-speed ejecta) would be greatest transverse to the original trajectory, contributing to the farside elevated terrains and the Southern Highlands (Fig. 11) . This provides an alternative to the Procellarum mega-impact as the cause of the lunar farside elevated terrains (Byrne, 2007) .
The damaged lunar interior antipodal to an oblique South Pole-Aitken impact should have created extended pathways for deep-seated magma (middle mantle to the lower crust). Basalts may not have immediately erupted over the antipodal surface following the impact. Rather, it is suggested that the early internal plumbing below the nearside was initially established by the South Pole-Aitken collision. In this case, the absence of similar pathways across the lunar farside would be consistent with reduced shock-induced failure uprange. Conversely, a basin the size of the proposed Procellarum impact should have induced extensive failure and igneous pathways on the lunar farside, both of which are absent.
The proposed effects from the South Pole-Aitken impact may provide a new mechanism for the enigmatic distribution SPA center of PKT ("Procellarum Kreep terrane") materials and the widespread basaltic maria on the nearside. Offset antipodal fracturing from the South Pole-Aitken impact would have localized progenitor (radiogenic) magmas responsible for the high-Th "great lunar hot spot," extending vertically a few tens of kilometers and laterally hundreds of kilometers on the nearside (Haskin, 1998) . Wieczorek and Phillips (2000) argued that KREEP magmas were established early and continued for a few billion years, whereas Hess and Parmentier (2001, p. 28,030) thought it is more likely that there was "…local thickening of the liquid layer under the PKT and concomitant thinning in the SPA [South Pole-Aitken] part of the crust.…" The South Pole-Aitken impact would establish the latter two conditions.
Because the Imbrium impact occurred northeast of the offset South Pole-Aitken antipode, it would have excavated partially differentiated remnants of these intrusions and contributed to the Th-rich Fra-Mauro ejecta (Haskin, 1998; Zuber, 2005, 2009 ). This asymmetry is more clearly revealed in further processing of Lunar Prospector data (Lawrence et al., 2007) and is evidence that the Imbrium impact excavated a northeast extension of the Th-rich layer. Other impact basins did not excavate signifi cant KREEP-rich materials because the source magma (or mantle) remained inaccessible (too deep) or was not present.
The South Pole-Aitken impact should have induced failure extending well into the lower mantle of the Moon. This disruption would have acted as a pump: opening and closing pathways over tens of minutes in response to the convergent shock rarefactions (Fig. 9B) . The greatest depths disrupted the mantle to depths exceeding 800 km and approaching the core-mantle boundary. This region is projected onto the surface in Figure 12 in order to illustrate the approximate boundary of deeply tapped materials in response to a South Pole-Aitken impact (Fig. 9B) . Perhaps KREEP-rich magmas (with associated heat-producing elements) were localized in the upper mantle and lower crust on the lunar nearside. This correlates with mapped structural features and geochemical anomalies, such as the nearside PKT (e.g., Jolliff et al., 2000) . A very large impact basin adjacent to the South PoleAitken antipodal zone of disruption northeast of Imbrium (e.g., the Humboldtianum basin), however, still could have resulted in outliers, e.g., the high-Th anomalies near Compton-Belkovich (Gillis et al., 2002; Lawrence et al., 2007) .
The ridges and sinuous-rille source regions visible today refl ect igneous centers controlled by the South Pole-Aitken antipode magmas, whereas the graben refl ect peripheral extension in response to their load. The KREEP materials would have remained largely hidden, except for the subsequent excavation by the Imbrium basin impact and localized eruptions of basalts (Wieczorek and Phillips, 2000) . Regardless, the shattered nearside continued to provide the pathways to the surface for the last stages of lunar volcanism (<0.8 Ga) correlated with high-Ti basalts in Procellarum (Schultz and Spudis, 1983) .
The impact producing the Imbrium basin occurred when radiogenic decay increased thermal expansion of the Moon.
Thermal expansion favored basaltic eruptions through the fractured regions beneath old (e.g., Smythii, Nectaris) and new (e.g., Imbrium, Serenitatis) basins and craters. Because the resulting radial and concentric fractures comprising the Procellarum system are deep seated, they typically cut tectonic features around later-produced basins, including Imbrium. Possible sites of recent pulses of degassing (Fig. 2B ) all appear to occur near intersections between Procellarum system-and Imbrium-related graben (Schultz et al., 2006) . Such locations would be consistent with gas following pathways created by South Pole-Aitken, released during continued cooling at depth. Lunar Prospector data from the Alpha Particle Spectrometer experiment (Lawson et al., 2005) further documented degassing indicated by enhanced 222 Rn in Procellarum, the greatest levels associated with recent Procellarum craters, Aristarchus and Kepler.
CONCLUSIONS
The formation of the South Pole-Aitken basin dominates the lunar farside; it also profoundly affected the evolution of the lunar nearside. Offset-antipodal shocks generated by the South Pole-Aitken impact converged on the nearside and created conditions leading to mafi c magma networks localized in the lower crust, later excavated by the Imbrium impact. This proposed scenario would provide an alternative explanation for the Procellarum impact basin, which, up to now, has been widely cited as the underlying cause for nearside geochemical anomalies. The following is a summary of evidence for the proposed oblique trajectory:
(1) retained depth of the South Pole-Aitken basin, which is consistent with reduced disruption at depth and decoupling of large fractions of the impactor (e.g., Figs. 5, 6, and 9A);
(2) the absence of extensive (and unavoidable) convergent shock effects directly opposite to South Pole-Aitken as predicted (Fig. 8); (3) the presence of an extensive system of radial and concentric structural weaknesses (graben, wrinkle ridges) on the lunar nearside accommodated by the proposed oblique trajectory (Fig. 2B) ; (4) widespread mare basalts on the western lunar nearside consistent with shock effects offset from the South Pole-Aitken antipode and related to long-lasting pathways at depth (Fig. 1A) ;
(5) localization of high-Th materials (re-excavated by Imbrium) on the lunar nearside in a region predicted to have maximum offset-antipodal disruption at depth (Fig. 12) ; and (6) localization of the youngest, high-Ti basalts within Procellarum.
In addition, there are several observations that are consistent with the proposed trajectory, including: the pattern of relict massifs (Fig. 10A) ; offset high-Th regions within the South PoleAitken basin (Fig. 10B) ; and the distribution of elevated terrains, including the Southern Highlands and farside highlands (Fig. 11) .
Future lunar missions and models will allow the proposed trajectory for South Pole-Aitken and its consequences to be tested through much higher resolution topographic, geophysical, and geochemical data. Specifi c measurements include the following:
(1) updated mapping of the nearside structural system and non-basin-related volcanic vents;
(2) seismic networks that would identify a network of intrusions beneath Procellarum, rather than a relict basin structure; (3) anisotropy, scattering, and shear splitting related to deepseated intrusions related to offset antipodal effects; (4) resolved gravity of the South Pole-Aitken basin that provides a better distribution of its structure;
(5) seismic networks that identify the nature, source, and distribution of deep and shallow moonquakes; and (6) thermal and petrologic models placing limits on the contrast in thermal evolution between the lunar nearside and farside crust. Figure 12 . Implications of offset antipodal effects due to the formation of South Pole-Aitken (SPA) basin on the farside of the Moon. Calculated effects of the farside South Pole-Aitken basin on the nearside are superimposed on a system of radial and concentric ridges and rilles that comprise the Procellarum system. The background color indicates offset antipodal failure (>250 MPa) at a depth of 800 km (800 s after impact) predicted for a 30° impact angle from the northwest to southeast (fi rst contact at 155°E longitude, 15°S latitude) responsible for the South Pole-Aitken basin as indicated in Figure 11 . Failure limits approximately correspond to boundary of the Procellarum graben system. Regions with high-Th (and K) values are also shown (see Fig. 1B ). This Lambert azimuthal-equal-area projection of the nearside matches Figure 1B .
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